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FIELD OF THE INVENTION 

20 The present invention relates generally to the determination of coefficients of a 

function. More particularly, the apparatus, methods, and computer program products of 
the present invention relate to determining the coefficients of a function representative of 
an input signal as each sample of the signal is received to decrease latency in the 
determination of the coefficients. 

25 

BACKGROUND OF THE INVENTION 

Signal processing is an important function of many electronic systems. In 
particular, in many electronic systems, data is transmitted in signal form. Further, some 
electronic systems analyze and monitor the operation of mechanical or chemical systems 
30 by observing the characteristics of signals, such as vibration signals and other types of 

signals, that are output from these systems. In light of this, methods have been developed 
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to characterize signals such that information or data in the signal is available for data 
processing. 

As one example, in many electronic systems, time domain signals are typically 
transformed to the frequency domain prior to signal processing. A typical method for 
5 converting signals to the frequency domain is performed using Fourier Transforms. The 
Fourier Transform of a signal is based on a plurality of samples of the time domain signal 
taken over a selected time period, known as the base frequency. Based on these samples 
of the signal the Fourier Transform provides a plurality of coefficients, where the 
coefficients respectively represent the amplitude of a frequency that is a multiple of the 

10 base frequency. These coefficients of the Fourier Transform, which represent the signal 
in the frequency domain, are then used by electronic systems in processing the signal. 

Although Fourier Transforms are among some of the most widely used functions 
for processing signals, there are other functions that are either currently used or will be 
used in the future, as a better understanding of their applicability is recognized. These 

15 functions include Bessel functions, Legendre Polynomials, Tschebysheff Polynomials of 
First and Second Kind, Jacoby Polynomials, Generalized Laguerre Polynomials, Hermite 
Polynomials, Bernoulli Polynomials, Euler Polynomials, and a variety of Matrices used 
in Quantum Mechanics, Linear Analysis functions, wavelets and fractals just to name a 
few. 

20 Although Fourier transforms and the other functions mentioned above are useful 

in determining characteristics of signals for use in data processing, there are some 
drawbacks to their use. Specifically, application of these functions to signals is typically 
computationally intensive. This is disadvantageous as it may require the use of 
specialized processors in order to perform data processing. Further, and even more 

25 importantly, the time required to perform the number of computations using these 

functions may cause an unacceptable delay for many data processing applications. In 
fact, a goal of many data processing systems is the ability to process data signals in real 
time, with no delay. 

For example, the Fourier Series is defined as an infinite series of coefficients 

30 representing a signal. To transform a signal using a Fourier Series would require an 
infinite number of computations. To remedy this problem, many conventional data 
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processing systems use Discrete Fourier Transforms (DFT), as opposed to the infinite 
Fourier Series. The DFT is the digital approximation to the Fourier Series and is used to 
process digitized analog information. Importantly, the DFT replaces the infinite series of 
the Fourier Series with a finite set of N evenly spaced samples taken over a finite period. 
5 The computation of the DFT therefore provides the same number of coefficients as the 
samples received, instead of an infinite number of samples required by the Fourier Series. 
As such, use of the DFT provides the most satisfactory current means to process the 
signal. 

Because of the importance of reducing the time required to process signals, 
1 0 however, methods have been developed to further reduce the number of computations 
required to perform a DFT of a signal. Specifically, the DFT procedure computes each 
coefficient by a similar process. The process for a general coefficient is; multiply each 
sample by the sine or cosine of the normalized value of the independent variable times 
the angular rate and sum over all of the samples. This procedure defines N multiply-add 
1 5 steps for each of N coefficients, which in turn, equates to N 2 multiply-add computations 
per DFT. As many samples of a signal are typically required to perform an adequate 
approximation of the signal, the DFT of a signal is typically computational and time 
intensive. 

One of the methods developed to reduce the number of computations is the 
20 butterfly method, which reduces the number of computations from N 2 to N times log (N). 
The butterfly method is based on the fact that many of the trigonometric values of the 
DFT are the same due to periodicity of the functions. As such, the butterfly method 
reduces the matrix associated with the DFT into N/2 two-point transforms (i.e., the 
transforms representing each coefficient a n and b n ). The butterfly method further reduces 
25 the redundant trigonometric values of the DFT. Although the butterfly method reduces 
the number of computations over the more traditional DFT method, it also adds 
complexity to the Fourier transformation of a signal. Specifically, the butterfly method 
uses a complex method for addressing the samples of the signal and the matrix containing 
the functions. This complexity can require the use of specialized processors and increase 
30 time for computation of the Fourier Transform. By its nature, the butterfly is a batch 
process, which does not begin determination of the coefficients until after all of the 
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samples have been received. As described later, this method causes latency in the 
determination of the coefficients of the function. 

An additional problem with the DFT, besides the number of computations 
required, is that the value of each coefficient of the DFT is a function of all the samples 

5 of the signal. Therefore, none of the coefficients of the DFT can be determined until all 
of the samples have been processed. Once the last sample of a set is received, the values 
of all of the coefficients can then be defined. As such, the time between the arrival of the 
last sample and the availability of the coefficients is referred to as the latency of the 
system. If the time for processing the coefficients is greater than the time to collect the 

10 set of samples, the system cannot operate in real time. 

Although no coefficient is defined until all of the samples have been received, 
there is an advantageous property of the DFT that has not been heretofore recognized in 
the prior art. This property is the independence of samples. In a set of samples being 
transformed in a DFT process, each sample makes a contribution to each coefficient 

15 based only on the sine or cosine of the applicable angle. This is illustrated in Appendix 
1. Specifically, each of the coefficients of the DFT, (i.e., AO, Al, A2, . . . and BO, Bl, 
B2, . . .), is the summation of the application of each sample to the sine and cosine 
functions associated with each coefficient. For example, the coefficient Al is the 
summation Al i + Al 2 + . . . Al 8 , which are the application of each sample to the cosine 

20 function associated with the A 1 coefficient As each of the samples are related to each 
coefficient by addition, each sample is independent of the other samples and can be used 
to update the coefficients prior to receipt of the other samples. 

Many conventional systems for determining the Fourier Transform of a signal do 
not recognize this independence of samples aspect of the DFT. Specifically, 

25 conventional systems that use the DFT typically first receive a number of samples N of a 
signal, and only after all of the samples have been received does the system generate each 
of the coefficients. As such, these conventional systems have an associated latency equal 
to the time required for the system to compute each of the coefficients after the last 
sample is received. This latency may be significant. For example, if a conventional 

30 system determines a DFT using N = 64 samples, then the number of computations is N 2 
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or 4096. For the Fast Fourier Transform (FFT), this is reduced to N times log (N) or 
64(6) equals 364. 

Appendix 1 illustrates an example of a data processing system that waits until all 
of the samples have been received prior to determining the coefficients of the DFT. As 

5 can be seen, the data processing system illustrated in Appendix 1, first receives eight 
samples of the signal prior to beginning to process any of the coefficients of the Fourier 
Transform. Only after receipt of the samples does the system begin to calculate the 
coefficients. As latency is defined as the time between the receipt of the last sample and 
the time at which the coefficients are available, this data processing system has latency 

10 equal to the time required to perform all computations of the coefficients. As such, this 
data processing system cannot be used for real-time data processing. As real-time data 
processing or approximate real-time data processing is advantageous for use in many data 
processing systems, it would be desirous to provide apparatus and methods that decrease 
the time required to perform transformation of signals. 

15 An additional problem with many conventional data processing systems, such as 

the butterfly, is that the coefficients of the function cannot be independently observed due 
to the complexity of the system. Further, because the butterfly determines the 
coefficients in a batch method, as opposed to real time, individual coefficients can not be 
observed and tracked as each new sample is received. Because, the batch method of 

20 analysis adds latency, considerable processing must be employed with conventional 

systems to observe and track coefficients over time. Observance and tracking individual 
coefficients of a signal is advantageous for in-depth signal analysis. 

A still further problem with many conventional data processing systems is that 
these systems typically do allow for variation of the resolution of individual coefficients 

25 of the function. For example, the butterfly is configured to calculate each coefficient 
producing the same number coefficients as of samples. This may be disadvantageous in 
applications in which there is interest in only one or a subset of the coefficients, as the 
butterfly will spend time and resources determining coefficients of less importance to the 
same resolution as those coefficients of importance. In light of this, it would be desirous 

30 to provide apparatus and methods that allow for the tracking and observance of individual 
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coefficients and also varying the resolution with which individual coefficients are 
calculated. 

SUMMARY OF THE INVENTION 

5 As set forth below, the apparatus, methods, and computer program products of the 

present invention overcome many of the deficiencies identified with processing signals 
using functions, such as Fourier Transforms. In particular, the present invention provides 
apparatus, methods, and computer program products that determine the coefficients of a 
function representative of an input signal with reduced latency, such that the coefficients 

10 of the function are made available within a decreased time from receipt of the last sample 
of the signal. The present invention also provides apparatus, methods, and computer 
program products that reduce the amount of data that must stored in order to determine 
the coefficients of a function, such that less complex hardware designs can be 
implemented. Further, the present invention provides apparatus, methods, and computer 

15 program products that allow individual coefficients to be tracked and observed and also 
allows individual coefficients or subsets of coefficients to be determined with differing 
levels of resolution. 

Specifically, in one embodiment, the present invention provides apparatus, 
methods, and computer program products that update at least one of the coefficients of a 

20 function prior to receipt of the last sample of the signal, such that the coefficients of the 
function may be determined with reduced latency. Further, in another embodiment, the 
apparatus, methods, and computer program products of the present invention update each 
of the coefficients of a function as each of the samples of the signal are received. As 
discussed previously, each of the samples of the signal affects the coefficients of the 

25 function independently of the other samples. The independent nature of the samples 
permits the equations for each coefficient to be rearranged so as to group all of the 
contributions from each sample separately. The result is that the contributions of each 
sample can be computed when the sample is received and then added to each coefficient. 
In' light of this, in one embodiment, the present invention includes an apparatus 

30 for determining the coefficients of a function representative of an input signal based on a 
predetermined plurality of samples of the input signal. The apparatus of the present 
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invention includes a coefficient generator that receives each of the samples one at a time 
and updates at least one of the coefficients of the function prior to receipt of the last 
sample. 

In another embodiment, the apparatus of the present invention includes a 
5 coefficient generator that receives each of the samples one at a time and updates the 
coefficients of the function based on each sample as the sample is received without 
awaiting receipt of all samples. The coefficients are thus updated each time before the 
arrival of the next sample. As such, when the last sample is received, the only remaining 
computations are the determination of the contribution of the last sample to each 

10 coefficient. Therefore, the latency from receipt of the last sample until the coefficients 
are available is reduced. 

In a further embodiment of the present invention, the coefficient generator 
simultaneously updates each of the coefficients with a sample as it is received. As such, 
when the final sample is received, the coefficient generator simultaneously updates each 

15 of the coefficients and the latency between receipt of last sample and the availability of 
the coefficients is significantly reduced. 

In addition to decreasing the latency between receipt of the last sample and 
availability of the coefficients, the apparatus, methods, and computer program products 
of the present invention also reduce hardware needed for implementation. Specifically, 

20 as discussed the apparatus, methods, and computer program products of the present 
invention update each of the coefficients with the contribution of each sample as the 
sample is received. As such, retaining the sample after each of the coefficients has been 
updated is not required, thereby reducing the amount of storage. 

Further, the apparatus, methods, and computer program products of the present 

25 invention also decrease the time for performing computations by precalculating at least a 
portion of the functions associated with each coefficient and storing these pre-calculated 
values in memory for use in determining the coefficients for a given signal. Specifically, 
as discussed above and illustrated in Appendix 1, each of the samples is related to each of 
the coefficients by a trigonometric function, where the value of the trigonometric 

30 function is based on the coefficient and the order that the sample was received in the 

plurality of samples. As the coefficient and the order in which the sample is received are 
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known before hand, the apparatus, methods, and computer program products of the 
present invention pre-calculate this portion of the trigonometric function for each sample 
and coefficient. As such, when each sample is received, the coefficient generator of the 
present invention need only multiply the sample by the pre-calculated value associated 

5 with the sample and coefficient. 

Specifically, in one embodiment, the present invention includes an apparatus 
having a coefficient generator that includes a memory device. Stored in the memory 
device are pre-calculated values representing the mathematical function associated with 
each sample and coefficient. In this embodiment of the present invention, when a sample 

10 is received, the coefficient generator accesses the memory device and multiplies the 
sample by the value representing the mathematical function associated with the sample 
and coefficient to thereby define a term of the coefficient. The coefficient generator 
further updates the coefficient by adding the term to the previous value of the coefficient. 
In an additional embodiment, the apparatus, methods, and computer program 

1 5 products may store each of the pre-calculated values in a memory device that includes an 
array having a plurality of cells, where , each cell of the array stores a value representing 
the mathematical function associated with a respective sample and coefficient. Further, 
in this embodiment, each cell of the array has a unique address, which is designated by 
the respective coefficient and sample. As such, for each sample and coefficient, the 

20 coefficient generator of this embodiment of the present invention accesses the cell of the 
memory device using the address associated with the sample and coefficient, multiplies 
the sample by the stored value to thereby define a term of the coefficient, and thereafter 
updates the coefficient by adding the term to the previous value of the coefficient. 

In addition to reducing the required number of calculations by precalculating the 

25 function associated with each sample and coefficient, in one embodiment, the apparatus, 
method, and computer program product of the present invention also pre-calculates all 
the possible values of the magnitude of the sample with the trigonometric function 
associated with each coefficient and sample. As such, when a sample is received, the 
coefficient generator need only evaluate the value of the sample and retrieve the pre- 

30 calculated value associated with the value of the sample and the mathematical function 
for the sample and coefficient from the memory device and use the pre-calculated value 
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to update the coefficient. 

For example, in one embodiment, the present invention includes an apparatus 
having a coefficient generator with first and second memory devices. The first memory 
device includes an array of cells with each cell associated with a respective sample and 

5 coefficient. Each cell contains a pre-calculated value corresponding to the combination 
of one of the finite number of possible values of the sample and the mathematical 
function associated with the respective coefficient and sample. The second memory 
device also has an array of cells for storing tokens. Each of the tokens represents a 
respective coefficient and sample. 

10 In operation, when a sample is received, the coefficient generator accesses the 

second memory device and for each coefficient retrieves the token associated with the 
coefficient and the sample and supplies the token to the first memory device. Further, the 
coefficient generator receives the value of the sample and based on the token from the 
second memory device and the value of the sample, retrieves the pre-calculated value 

1 5 stored in the cell of the first memory device that has an address comprised of the token 
and the value of the sample. The coefficient generator further updates the coefficient by 
adding the pre-calculated value from the first memory device to the previous value of the 
coefficient. 

In another embodiment, the coefficient generator includes a multiplier, adder, 
20 divider, or other gated functions, rather than a second storage device. In this 
embodiment, the tokens are provided by the gate to the first memory device for 
addressing the cells of the first memory device. In still another embodiment, a counter is 
decoded with or without the use of gates into tokens for addressing the second memory 
device, which may be conversion into values that feed a multiplier, adder, divider or 
25 other gated function, rather than a memory device. 

In addition to reducing the time for calculating the coefficient based on each 
sample by storing pre-calculated values, the present invention also provides apparatus, 
methods, and computer program products that minimizes the number of values that must 
be stored in the memory device and the size of the token needed to address the first 
30 memory device. Specifically, due to the trigonometric nature of some functions, some of 
the coefficients for some samples will have a mathematical value of zero. As the 
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trigonometric function is dependent on the coefficient and sample number, these 
instances can be predetermined. Further, because the value for these instance is zero, 
there is no need to provide storage for these values in the first memory device, thereby 
reducing the size of the array of the memory device and the size of the token needed to 
5 address the first storage device. 

Specifically, in this embodiment of the present invention, the token also indicates 
if the value of the mathematical function associated with the respective sample and 
coefficient is zero. When a sample is received for which the trigonometric function for 
the sample and a coefficient is zero, the token associated with the sample and coefficient 
10 will so indicate. As such, when the coefficient generator accesses the token associated 
with the sample and coefficient, the coefficient generator will observe the token and 
update the coefficient by adding a zero to the previous value of the coefficient. 

In some embodiments, the coefficient generator further includes a null device, 
such as a pull down circuit. In this embodiment, if the token indicates that the 
1 5 mathematical function is zero, the null device replaces the output of the first memory 
device with a zero value for addition to the coefficient. 

To further minimize storage, in one embodiment, the present invention provides 
apparatus, methods, and computer program products that stores only pre-calculated 
values corresponding to the combination of a respective sample and the magnitude of a 
20 respective mathematical function, without accounting for the sign of the mathematical 
function. Specifically, due to the periodic nature of some functions, some of the 
mathematical functions associated with the respective sample and coefficients have the 
same magnitude, but different signs. In this embodiment, of the present invention, only 
the magnitude of each value is stored in the memory device. Further, the sign of the 
25 value is indicated in the token. As such, less storage is needed for the values. 

In one embodiment of the present invention, the coefficient generator further 
includes an adder in electrical connection with the output of the first memory device. If 
the token indicates that the mathematical function is negative, the adder using twos- 
complement takes the negative of the magnitude of the mathematical function output by 
30 the first memory device. 

As detailed above, the present invention determines the coefficients of the 
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function representative of signal by combining each sample upon receipt with the 
mathematical function associated with the sample and the coefficient. Further, as 
detailed above, the different combinations of the samples and coefficients are pre- 
calculated and stored in an addressable memory device. Typically, the tokens that 

5 address the cells of the memory device have bits indicating the coefficient and bits 

indicating the sample. While in the normal operation, the tokens and memory device are 
used to determine the coefficients of a function that is representative of a signal; these 
tokens and memory device may also be used to determine the coefficients of an inverse 
function of a signal. Specifically, in one embodiment, the coefficient generator farther 

10 includes a selector in electrical connection with either the gate, counter, second memory 
device used to generate the tokens for addressing the first memory device. If the 
coefficients for an inverse function of a signal are desired, the selector alters the address 
indicated by the token such that the token addresses a cell of the first memory device 

containing a pre-calculated value representing an inverse mathematical function of the 

i' 

15 signal. 

As detailed above, the present invention determines the coefficients of the 
function representative of signal by combining each sample upon receipt with the 
mathematical function associated with the sample and the coefficient. Further, as 
detailed above, the different combinations of the samples and coefficients may be pre- 

20 calculated and stored in an addressable memory device or may be computed by a gated 
function with reference to a value associated with the token. Typically, the tokens that 
address the cells of the memory device are derived from state information obtained from 
the counter indicating the coefficient and the sample. While in the normal operation, the 
tokens and memory device are used to determine the coefficients of a function that is 

25 representative of a signal, these tokens and memory devices may also be used repetitively 
by adding bits to the counter at appropriate locations and thus service a multiplicity of 
channels. In this embodiment, additional coefficient memory pells maintain the 
additional coefficients, and a channel number may be output as a convenience to the user. 
It is still possible employ an electrical signal to determine the forward coefficients or to 

30 determine the inverse function of the input. 

Further, while in the normal operation, the tokens and memory device are used to 
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determine the coefficients of a function that is representative of a signal, these tokens and 
memory devices may also be used repetitively by adding bits to the counter at appropriate 
locations and thus service a multiplicity of channels. In this embodiment, additional 
coefficient memory cells maintain the additional coefficients, and a channel number may 

5 be output as a convenience to the user. By letting consecutive samples be treated as 
different channels it is possible to thus produce interleaved transforms. The interleaved 
transforms may be sent to a second similar process to produce two-dimensional 
transforms, as one example. 

In a further embodiment, the coefficient generator receives samples from a 

10 plurality of different signals on different channels. In this embodiment, the coefficient 
generator, via the selector, may provide the coefficients of a function representative of 
one signal, while also providing the coefficients of an inverse function of another signal. 

As detailed above, the apparatus, methods, and computer program products of the 
present invention process a plurality of samples and generate the coefficients of the 

1 5 function based on the samples. In some embodiments of the present invention, after the 
plurality of samples have been received, the apparatus, methods, and computer program 
products of the present invention output the generated coefficients, reset the coefficients, 
and again take samples of the signal In some embodiments, however, it may be 
advantageous to generate and output a complete set of coefficients as each new sample is 

20 received and processed. This is referred to as a Sliding Aperture Fourier Transform 
(SAFT). 

In this embodiment, the apparatus, methods, and computer program products of 
the present invention do not reset each of the coefficients to zero after the final sample of 
a plurality of samples has been received and the coefficients have been output. Instead, 

25 the apparatus, methods, and computer program products of the present invention replace 
the first sample of the previous plurality of samples with the next received sample. Using 
this new sample, the apparatus, methods, and computer program products of the present 
invention output a next set of coefficients. As such, instead of generating a set of 
coefficients for each "batch" of samples, the apparatus, methods, and computer program 

30 products of the present invention generates a set of coefficients each time a new sample is 
received, thereby providing new set of coefficients for each time a new sample is 
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received. 

The present invention provides several apparatus, methods, and computer 
program products for generating a set of coefficients each time a new sample is received. 
In each of these embodiments, the apparatus, methods, and computer program products 

5 of the present invention replace the first sample of the previous plurality of samples with 
the next sample received and then outputs the new coefficients. For example, in one 
embodiment, the apparatus, methods, and computer program products of the present 
invention initially store each of the samples as they are received and generates a first set 
of coefficients when the last sample of the plurality of samples has been received. 

1 0 Further, when a new sample of the input signal is received, after the predetermined 
plurality of samples has already been received, the apparatus, methods, and computer 
program products of the present invention apply the mathematical function associated 
with the coefficients to the sample and generate a term based on the new sample for each 
coefficient. To replace the new sample with the first sample of the plurality of the 

1 5 samples, the generated term of the new sample is subtracted from the term associated 

with the first sample of the predetermined plurality of samples that was previously stored 
in the memory device. Following this subtraction, the coefficients are updated by the 
difference between the terms based upon the new sample and the first sample of the 
predetermined plurality of samples. 

20 In another embodiment of the present invention, to replace the new sample with 

the first sample of the plurality of samples, the apparatus, method, and computer program 
products of the present invention subtract the term based upon a first sample of the 
predetermined plurality of samples from each of the coefficients and adds the term based 
upon the new sample to each of the coefficients. 

25 In addition to outputting coefficients for each new sample received, the apparatus, 

methods, and computer program products of the present invention also allow individual 
of subsets of coefficients to be observed and tracked over time. Specifically, as stated 
above, the coefficient generator of one embodiment outputs coefficients for each new 
sample. This provides a user with a new set of coefficients in real or near real-time for 

30 observance. 
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Further, as discussed, the apparatus, methods, and computer program products of 
the present invention update each of the coefficients of the function as each sample is 
received. As the coefficients are individually updated, they are more readily individually 
available for observance. Further, because each coefficient is updated individually, the 
5 number of updates made to each individual coefficient may be varied. As such, in one 
embodiment, the apparatus, methods, and computer program products of the present 
invention can vary the resolution to which either one or a subset of coefficients are 
determined by varying the number of samples by which they are updated relative to the 
other coefficients. 

10 In addition, the present invention also provides methods and computer program 

products for reducing the number of values that must be stored to represent the possible 
mathematical terms of a function. Specifically, as illustrated above, time for performing 
computations can be conserved by precalculating and storing either portions of or all 
values associated with a system. However, it is often desirable to reduce the amount 

1 5 values that require storage to a minimum, such that standard memory devices may be 
used. 

In one embodiment, the present invention provides methods and computer 
program products that initially generate a first list of all possible mathematical terms of 
the function. For each mathematical term, the method and computer program product 

20 systematically compare each mathematical term in the list to all other mathematical terms 
in the list to determine which of the mathematical terms are redundant. Further, the 
unique mathematical terms of the function are stored in a second list all of the unique 
mathematical terms of the function, such that there are no redundant mathematical terms 
of the function in the second list. 

25 In one embodiment of the present invention, the function is at least periodic or 

reversing such that some of the mathematical terms of the function have the same 
magnitude and different signs. In this embodiment, the method and computer program 
product of the present invention compare the magnitude of each mathematical term in the 
list to the magnitude of each of the other mathematical terms in the list to determine 

30 which of the mathematical terms have the same magnitude. Further, the mathematical 
terms having unique magnitudes are stored in the second list. The method and computer 
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program product of the present invention further includes creating a token associated with 
each mathematical term, where the token indicates the magnitude stored in the second list 
associated with the mathematical term and the sign associated with the mathematical 
term. 

5 In another embodiment of the present invention, at least one of the mathematical 

terms has a magnitude of zero. In this embodiment, the method and computer program 
product create a token associated with the mathematical term indicating that the 
mathematical term is zero such that the mathematical term is not stored in the second list. 
In another embodiment, the function is representative of a signal and is defined by 

10 samples of the signal, where a sample of the signal is one of a finite number of possible 
values. In this embodiment, the method and computer program product generate the first 
list of all possible combinations of the possible values of the sample and the 
mathematical terms of the function. Further, each combination in the list is 
systematically compared to all other combinations in the list to determine which of the 

15 combinations are redundant. Based on this comparison, all of the unique combinations 
are stored in the second list, such that there are no redundant combinations in the second 
list. 

BRIEF DESCRIPTION OF THE DRAWING 

20 Figure 1 is a block diagram of an apparatus for determining the coefficients of a 

function representative of an input signal based on a sample of the input signal using gate 
devices according to one embodiment of the present invention. 

Figure 2 is a block diagram of the operations performed to determine the 
coefficients of a function representative of an input signal based on a sample of the input 
25 signal according to one embodiment of the present invention. 

Figure 3 is a block diagram of an apparatus for determining the coefficients of a 
function representative of an input signal based on a sample of the input signal using at 
least one memory device according to one embodiment of the present invention. 

Figure 4 is a block diagram of the operations performed to reduce the number of 
30 values that must be stored to represent the possible mathematical terms of a function 
according to one embodiment of the present invention. 
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Figure 5 is a graphic representation of the plot of coefficients determined using a 
Fourier Transform. 

Figure 6 is a block diagram of the operations performed to create a table of 
tokens, where each token represent a value of the function according to one embodiment 
5 of the present invention. 

Figure 7 is a block diagram of the operations performed to create a table of 
addressable values according to one embodiment of the present invention. 

Figure 8 is a block diagram of the operations performed to retrieve values from a 
table based on tokens according to one embodiment of the present invention. 
10 Figure 9 is a block diagram of an apparatus for determining the coefficients of a 

function representative of an input signal based on a sample of the input signal using 
memory devices and gates according to one embodiment of the present invention. 

Figure 10 is a block diagram of the operations performed to determine the 
coefficients of a function representative of an input signal based on a sample of the input 
15 signal using memory devices and gates according to one embodiment of the present 
invention. 

Figure 1 1 is a block diagram of an apparatus for determining the coefficients of a 
function representative of an input signal based on a plurality of samples of the input 
signal according to one embodiment of the present invention. 

20 Figure 12 is a block diagram of the operations performed to determine the 

coefficients of a function representative of an input signal based on a plurality of samples 
of the input signal according to one embodiment of the present invention. 

Figure 13 is a block diagram of an apparatus for determining the coefficients of a 
function representative of an input signal based on a plurality of samples of the input 

25 signal using memory devices and gates according to one embodiment of the present 
invention. 

Figure 14 is a block diagram of the operations performed to determine the 
coefficients of a function representative of an input signal based on a plurality of samples 
of the input signal using memory devices and gates according to one embodiment of the 
30 present invention. 
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Figure 1 5 is a block diagram of an apparatus for determining the coefficients of a 
function representative of an input signal based on a plurality of samples of the input 
signal using memory devices and gates, where for each sample received a set of 
coefficients are output according to one embodiment of the present invention. 
5 Figure 16 is a block diagram of the operations performed to determine the 

coefficients of a function representative of an input signal based on a plurality of samples 
of the input signal using memory devices and gates, where for each sample received a set 
of coefficients are output according to one embodiment of the present invention. 

1 0 DETAILED DESCRIPTION OF THE INVENTION 

The present invention now will be described more fully hereinafter with reference 
to the accompanying drawings, in which preferred embodiments of the invention are 
shown. This invention may, however, be embodied in many different forms and should 
not be construed as limited to the embodiments set forth herein; rather, these 

1 5 embodiments are provided so that this disclosure will be thorough and complete, and will 
fully convey the scope of the invention to those skilled in the art. Like numbers refer to 
like elements throughout. 

As discussed above, data processing systems have been developed for 
determining the coefficients of a function that is representative of a signal. However, 

20 because many of these systems are complex and do not calculate the coefficients until all 
samples of the signal have been received, these systems do not provide immediate 
analysis of the signal. Further, because these conventional systems are complex, the 
individual coefficients are not readily accessible for observance and tracking. Further, 
these systems do not allow variation in the resolution of individual or selected subsets of 

25 . coefficients. 

The present invention, on the other hand, provides apparatus, methods, and 
computer program products that can decrease the latency with which the coefficients of a 
function representative of signal are determined. Specifically, the apparatus, methods, 
and computer program products of the present invention, taking advantage of the 
30 independence of samples, updates at least one of the coefficients prior to receipt of the 
last sample, such that the latency in determining the coefficients is reduced. 
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Further, in another embodiment, the apparatus, methods, and computer program 
products of the present invention update each of the coefficients of the function as each 
sample is received. As such, when the final sample is received, the apparatus, methods, 
and computer program products of the present invention need only update each 

5 coefficient with the contribution of the last sample prior to outputting the coefficients. 
As such, the latency from the time the last sample is received and the availability of the 
coefficients is decreased. 

To further decrease the latency, in one embodiment, the apparatus, methods, and 
computer program products of the present invention prestore either all or a portion of the 

10 possible values of the contribution of a sample to each coefficient. As such, when the 
sample is received, and especially the last sample, the apparatus, methods, and computer 
program products of the present invention evaluate the value of the sample and retrieve 
the appropriate value from the prestored values that corresponds to the coefficient, 
sample, and value of the sample, thereby decreasing the time required to determine the 

1 5 coefficients. ' Still further, in another embodiment, the apparatus, methods, and computer 
program products of the present invention update each of the coefficients simultaneously. 
As such, when the last sample is received, the coefficients are updated simultaneously 
with the contribution of the last sample, and all of the coefficients are output. 

The apparatus, methods, and computer program products of the present invention 

20 also allow individual or subsets of the coefficients to be observed and also allows 
individual or subsets of the coefficients to be determined in varying resolutions. 
Specifically, as stated, the apparatus, methods, and computer program products of the 
present invention update each of the coefficients as each sample is received. As such, 
each sample is available for output when desired. Further, because the apparatus, 

25 methods, and computer program products of the present invention update each coefficient 
independent of the other coefficients, each coefficient can be updated to different 
resolutions. For example, one coefficient of interest may be updated with every sample, 
while another coefficient is only updated with every third sample. 

The apparatus, methods, and computer program products of the present invention 

30 may also reduce the amount and size of hardware needed to implement the processing 
system. Specifically, as stated, when a sample of the signal is received, the apparatus, 
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methods, and computer program products of the present invention immediately update 
each of the coefficients with the contribution of the sample. As the samples are 
independent of each other, the sample is no longer needed after the coefficients have been 
updated with its contribution, and as such, the sample may be discarded. By discarding 

5 the sample after use, the processing system does not require additional memory storage 
for storing the samples or additional processing for retrieving the data. 

The present invention also provides methods and computer program products for 
reducing the number of values that must be stored to represent the possible mathematical 
terms of a function. Specifically, the method and computer program product of this 

10 embodiment of the present invention compares each of the possible mathematical terms 
of a function to the other mathematical terms. From this comparison, the method and 
computer program products reduce the number of values that should be stored. For 
example, in one embodiment, the mathematical function may be periodic, such that 
different values of the function have the same magnitude, but different signs. In this 

1 5 instance, the method and computer program product of the present invention would only 
store the magnitude of the terms and use a token to represent the sign. In another 
embodiment, there may be values of the function that are zero, (e.g., cos(tc/2) and sin n = 
0). In this embodiment, the method and computer program products do not store the 
value of zero, but instead use a token representing that the value is zero. 

20 For illustrative purposes, the various apparatus, methods, and computer program 

products of the present invention are illustrated and described below in conjunction with 
the characteristics of Fourier Series. It should be apparent, however, that the apparatus, 
methods, and computer program products of the present invention can be used with many 
different types of functions. For instance, the apparatus, methods, and computer program 

25 products may be used with functions such as Bessel functions, Legendre Polynomials, 
Tschebysheff Polynomials of First and Second Kind, Jacoby Polynomials, Generalized 
Laguerre Polynomials, Hermite Polynomials, Bernoulli Polynomials, Euler Polynomials, 
and a variety of Matrices used in Quantum Mechanics, Linear Analysis functions, 
wavelets and fractals. This list is by no means exhaustive and is provided as mere 

30 examples. The approach may be applied to any function that can be expressed as a 
sequence of values. The usefulness of the application of these and other functions not 
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listed above is quite general. This method provides a way to develop apparatus and 
methods for parallel computing and remove redundancy in a rote manner, which is 
compatible with machine execution. One implementation of the present invention would 
be in a general purpose computer program to examine each class of problem an write a 
minimal execution program or design an apparatus for the same function. In this 
application, it would be a programming aid. 

As discussed above with reference to Appendix 1 , an important concept of the 
present invention is the independence of the samples used to determine the coefficients of 
a function. The independence of samples can be illustrated in the context of Fourier 
Transforms. The Fourier Transform is based on the principle of orthogonality. As a 
Fourier Transform is applied in the DFT, it provides a means to evaluate the amplitude of 
the components of each frequency of a signal totally independently. The frequencies 
used in the computation are consecutive integral multiples of the base frequency. The 
base frequency is the time period required to take one set of samples. The samples of the 
signal are multiplied by each member of the set of orthogonal functions and summed for 
one or a plurality of cycles of the base frequency. Each resulting coefficient is the 
amplitude of the real or imaginary part of one test frequency. Importantly, the 
computation of a coefficient is independent of the computation of the other coefficients. 
In a set of samples N 5 that are transformed by the DFT, each sample contributes to each 
coefficient of the function based on either the sine or cosine of the applicable angle and 
normalization constants. The general equations for a Discrete Fourier Transform are 
provided below: 
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With reference to Appendix 1, the determination of the coefficients of a function 
using conventional DFT is illustrated. Initially, the DFT receives a preselected set of 
samples of a signal, (in this example N=8). The DFT next calculates all of the 
coefficients, (A 0 , Ai, A 2 , A 3 , A4, Bi, B 2 , B 3 , and B 4 ) one at a time. The value of each 

5 sample is used one time in the computation of the coefficients. Each sample is multiplied 
by both the sine and cosine of the independent variable associated with each coefficient 
times a normalized rate. For example, the coefficient A 1 is the summation Al i + Al 2 + 
. . . Alg, which are the application of each sample to the cosine function associated with 
the Al coefficient. As each of the samples are related to each coefficient by addition, 

10 each sample is independent of the other samples and can be used to update the 
coefficients prior to receipt of the other samples. 

In light of this independence of samples, the apparatus, methods, and computer 
program products of the present invention rearrange the terms as shown in Appendix 2, 
such that each of the coefficients are updated as each of the samples of the signal are 

15 received. This is different from the conventional method of Appendix 1, which is a batch 
method that awaits until all samples have been received before calculating the 
coefficients. As described above and detailed below, by updating each of the coefficients 
as each sample is received, the apparatus, methods, and computer program products of 
the present invention can reduce latency in generation of the coefficients, allow 

20 individual coefficients to be tracked or observed, and determine the coefficients with 
different resolutions. 

With reference now to Figure 1, one embodiment for determining the coefficients 
of a function representative of an input signal based on samples of the input signal, 
according to the method illustrated in Appendix 2, is shown. The apparatus of this 

25 embodiment of the present invention includes a coefficient generator 10. The coefficient 
generator includes a receiver 12 for receiving samples of an input signal. The coefficient 
generator also includes a first gate 14 in electrical communication with the receiver and a 
second gate 16 in electrical communication with the first gate. 

With reference to Figure 2 and Appendix 2, the operation of the coefficient 

30 generator is illustrated. In this illustration, the coefficient generators generates the 

coefficients based on N=8 samples of the signal. For each sample, the receiver receives a 
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sample of the signal and inputs the sample to the first gate 12. (See step 100). For each 
coefficient, the second gate receives two values, one 18 representing the number of the 
coefficient and the other 20 representing the sample number. Based on the coefficient 
number and the sample number, the second gate generates the orthogonal function 
5 portion of the signal. (See step 110). 

For example, as shown in Appendix 2, for the zeroth coefficient AO, the sample 
value is added to the coefficient, (i.e., AO + AOi). For the first sample and coefficient 
A 1 1 , the orthogonal function is : 

cos (2nC n S n /N) 

10 where: 

C n = coefficient number; 

S n = sample number; and 

N= number of samples. 
To calculate the term for the first coefficient and first sample, the second gate receives 
15 the coefficient number 18 and the sample number 20. Based on this, for the first sample 
S n and the first coefficient C n > the second gate generates cos(2nM/8) or cos(27i/8) and 
outputs this value to the first gate. (See step 110). 

The first gate, in turn, receives the value from the second gate and the value of the 
sample from the receiver. Based on these values, the first gate generates a term 
20 representing the contribution of the sample to the coefficient, (i.e., Sicos(27r/8)). (See 

step 120). This term is then added to the coefficient Al, (i.e., Al + Al i). (See step 130). 
This is repeated for each coefficient. (See steps 140 and 150). 

The discussion above illustrates the updating of each coefficient one at a time 
with each sample. However, it must be understood that the coefficient generator could 
25 only update one of the coefficients prior to receipt of the last coefficient and thereby 

decrease the latency in determining the coefficients. Further, it must be understood that 
the coefficient generator could update all of the coefficients with each sample 
simultaneously. For example, the coefficient generator could contain a plurality of first 
and second gates all connected to the receiver. In this embodiment, the sample is 
30 supplied to each set of gates simultaneously, and each set of gates, in turn, generates the 
term for each coefficient representing to the contribution of the sample to each coefficient 
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simultaneously, and each coefficient is updated simultaneously. This is referred to as 
parallelism and is advantageous as it allows all coefficients to be updated simultaneously. 
Parallelism is the typical application of the coefficient generator. Specifically, the 
coefficient generator is typically implemented to update all coefficients simultaneously. 
5 Further, in some instance, the coefficient generator is configured to received inputs from 
several channels, for which the coefficient generator generates a set of coefficients for 
each channel. However, in many of the embodiments below, the coefficient generator is 
illustrated as updating each coefficient sequentially and with only one channel for sake of 
clarity. 

10 Figure 1 illustrates the determination of the coefficients based on the use of gates, 

such as multipliers, adders, dividers, or other gated functions. Figure 3 illustrates the 
determination of the coefficients using at least one memory device. Use of memory • 
devices, as opposed, to gates may be advantageous as many of the values that must be 
calculated to determine the coefficients may be prestored in the memory devices. This, in 

1 5 turn, may save time in determining the coefficients. 

With reference to Figure 3, the coefficient generator of this embodiment includes 
a receiver 12 for receiving samples of a signal. The coefficient generator also includes a 
first memory device 22 in electrical communication with the receiver and a second 
memory device 24 in electrical communication with the first memory device. In one 

20 embodiment of the present invention, the second memory device includes an array of 

cells, where each cell contains a pre-calculated value representing the orthogonal function 
portion of the signal for each sample and coefficient. For example, the second memory 
device includes a cell for the orthogonal function portion of the signal for the first sample 
and coefficient equal to cos(27tC n S n /N) or cos(27i/8). In this embodiment, the first 

25 memory device may be a multiplier. 

With reference to Figure 2 and Appendix 2, in operation in this embodiment, for 
each sample, the receiver receives a sample of the signal and inputs the sample to the first 
memory device 22. (See step 100). For each coefficient, the second memory device 
receives a token representing the address of the cell containing the orthogonal function 

30 portion of the signal for the sample and coefficient. This token is provided by the inputs, 
18 and 20, where one portion of the token is the coefficient number C n and the other 
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portion is the sample number S n . Based on the token, the second memory device 
retrieves the value associated with the coefficient and sample and outputs the value to the 
first memory device. (See step 110). The first memory device, in turn, receives the value 
from the second memory device and the value of the sample from the receiver. Based on 

5 these values, the first memory device generates a term representing the contribution of 
the sample to the coefficient, (i.e., SiCOs(27t/8), for the first sample and coefficient). (See 
step 120). This term is then added to the coefficient, (i.e., Al + Al i). (See step 130). 
This is repeated for each coefficient. (See steps 140 and 150). 

In some embodiments of the present invention, the sample received from the 

1 0 receiver is one of a number of finite values. Since the orthogonal function portion for 
each sample and coefficient is previously known, (i.e., (27rC n S n /N))> and the sample can 
only be one of a finite number of values, values representing each sample value, sample 
number, and coefficient number can be pre-calculated and prestored. As such, when a 
sample is received, the term representing the sample's contribution to each coefficient 

15 can be determined by looking up the value in the memory device based on the value of 
the sample, sample number, and coefficient number. 

In light of this, in one further embodiment, the first memory device is a memory 
device containing an array of cells. Each cell of the first memory device includes a pre- 
calculated value representing each sample value, sample number, and coefficient number. 

20 For each coefficient and sample, the memory device contains a group of cells, each 

having the orthogonal function associated with the coefficient and sample multiplied by a 
possible value for the sample. For example, for the first sample and coefficient, there are 
a group of cells having a value of S iCos(27i/8), where each cell represents the value for a 
different possible value of Si. Additionally, the second memory device has an array of 

25 cells each having a token representing the orthogonal function portion for each sample 
and coefficient. 

In operation, with reference to Figure 2, for each sample, the receiver receives a 
sample of the signal and inputs the sample to the first memory device 22. (See step 100). 
For each coefficient, the second memory device receives from the inputs, 18 and 20, 
30 values representing the address of the cell containing the token representing the 

orthogonal function portion of the signal for the sample and coefficient. The second 
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memory device retrieves the token associated with the coefficient and sample and outputs 
the token to the first memory device. (See step 110). The first memory device, in turn, 
receives the token from the second memory device and the value of the sample from the 
receiver. Based on the token and the value of the sample, the first memory device looks 
5 up the cell in the array corresponding to these values and outputs a term representing the 
contribution of the sample to the coefficient, (i.e., SiCOs(2tt/8), for the first sample and 
coefficient). (See step 120). This term is then added to the coefficient, (i.e., Al + Al i). 
(See step 130). This is repeated for each coefficient. (See steps 140 and 150). 

Again, it must be understood that the apparatus of this embodiment may operate 
10 in a parallel configuration to update each coefficient simultaneously by providing a 

plurality of first and second memory devices for each coefficient that are all connected to 
the receiver. In this embodiment, each first and second memory device receives the 
sample simultaneously and is addressed appropriately such that each set of first and 
second memories address values for the different coefficients. Thus, the contribution of 
15 the sample to each coefficient is determined in parallel and simultaneously. 

With reference to Figure 3, in one additional embodiment, the coefficient 
generator may include a counter 26 in electrical communication with the second memory 
device 24. The counter may be incremented by a clock, not shown, that is timed to allow 
calculations to be made. The counter may include two outputs, 18 and 20, which 
20 represent the coefficient number and sample number for addressing the second memory 
device. In operation, for each sample, the sample number is held constant, while for each 
cycle or plurality of cycles of the clock, the counter increments the coefficient number. 
This, in turn, addresses the second memory device for determining the contribution of the 
sample to each coefficient. After* all of the coefficients have been calculated for that 
25 sample, the sample number of the counter is incremented, and the coefficient number is 
reset, such that the next sample is now evaluated for each coefficient. 

As detailed above, to reduce time for calculations, one embodiment of the present 
invention uses memory devices to store pre-calculated values and tokens to address the 
memory devices. An important concern in many electronic designs is the desire to 
30 minimize the number of components needed to operate the circuit and also the need to 
use off-the-shelf components wherever possible. In light of this, methods are needed that 
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evaluate the need aspects of a design and determine design solutions that minimize the 
number of components and allow for the use of standard components. 

As such, the present invention provides methods and computer program products 
for reducing the number of values that must be stored to represent the possible 

5 mathematical terms of a function. This method is illustrated with reference to Figure 4 
and an example of a method of reducing the number of values that must be stored in the 
memory device of the coefficient generator is shown in Figure 3. 

With reference to Figure 4, first an empty list is created, (see step 200), and all 
possible mathematical terms of a function are stored in a matrix. (See step 210). For 

10 example, in many mathematical functions, such as a Fourier Series, a specific array of 
values must be multiplied by a set of data. If the data is N-bit binary numbers and there 
are M numbers in the array, the number of possible products that might be formed is two 
to the power of N times M, ( 2 NxM ). For example, if a Fourier Series is based on 64 
samples to generate 64 coefficients, there are 4096 trigonometric functions to be 

1 5 evaluated and multiplied by the samples. If the samples are each 12 bits in length, there 
are 4906 possible sample values. To pre-calculate and store the product of each of the 
possible sample values times the value of the trigonometric function for all 4096 possible 
sample values would require 16, 777, 216 stored products, which would require a rather 
large memory device. 

20 With reference to Figure 4, to reduce the number of stored values, the method and 

computer program product of the present invention place all the possible values in a 
matrix, (see step 210), and systematically compares each mathematical term in the list to 
all other mathematical terms in the list to determine which of the mathematical terms are 
redundant. (See steps 220 and 240). If the value is unique, it is stored in the generated 

25 list. (See step 250). This repeated for all values, (see step 260), and the total number of 
values is output. (See step 270). 

For example, for the Fourier Series, because of the properties of sine and cosine, 
there are only 32 different actual values required to be stored. This analysis is based on 
an evaluation of the sine and cosine functions that are typically used in Fourier 

30 Transforms. Specifically, Figure 5 illustrates two graphs plotting 4096 evaluations of 
sine and cosine for the coefficients of a Fourier Transform using 64 samples and 64 
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coefficients. These graphs illustrate that there is only a finite set of values. This analysis 
is based on the fact that each value is related to a polarity, plus or minus. If the plus or 
minus of the values are signified by tokens, the absolute value of the functions are all that 
needs to be stored. In doing so, the requirement for memory can be reduced from 256K 
5 to 128K. 

The number of values stored can also be reduced if the incoming sample value 
code representing the value of the sample is in a signed form, (i.e., positive or negative), 
about zero so that there is one sign bit and the remaining 1 1 bits are the absolute value of 
the 12 bit input. An 1 1 bit number only requires half as many memory locations for 

10 storage as 12 bits. As such, the size of the memory can be reduced to 64K by 

transforming the 12 bit value into an 1 1 bit value and a 1 bit sign and handling the sign 
bit in some logic, which can similarly support the tokens. 

As discussed there are 32 different values, which require 32 different tokens that 
must be stored. If the number of tokens could be reduced to 16, then there would be 16 . 

15 values times 2048 possible sample value, which is 32K. This can be accomplished by 
observing that one of the values is zero and all 4096 values associated with it become 
zero. Instead, of providing tokens for the zero values, the token itself can contain a bit 
dedicated to zero. As such, a set of 16 tokens can be used, where 4 bits are the address, a 
sign bit to represent the sign of the value, and a zero bit to represent when the value is 

20 zero. 

As illustrated, the method and computer program products of the present 
invention can be used to reduce the number of values that must be stored. This, in turn, 
allows for the use of minimum and standard hardware. For example, in the above 
example where 64 samples of a signal are taken using a 12 bit sample code, the first 

25 memory device for storing all of the pre-calculated values can be reduced to a 128K 

memory, and the second memory for storing the tokens can be reduced to an 8K memory. 

Although the method and computer program products of the present invention for 
reducing the number of stored values are illustrated in the context of a Fourier Series with 
a predecribed number of samples and sample bit size, it must be understood that the 

30 methods and computer program products for reducing the number of required values that 
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must be stored can be used with any function, number of prescribed samples, and/or 
sample bit size. 

After the number of stored values has been determined, the values should be 
addressed with tokens that are stored in the second memory device. With reference to 

5 Figure 6, to create addresses/tokens for storage, the method initially applies an address to 
a value, (see steps 300 and 310). A token related to the address is then selected. (See 
step 320). The method next checks to see if all values have been addressed. (See step 
330). If not, the method increments the address in any order, (see step 340). Once all 
values have been addressed, they are loaded into memory. (See step 350). Similarly, 

1 0 once a set of values is known for the tokens, it is common to find an arrangement of 

adders or other gating that replaces the table with the same response to each address and a 
saving in the number of transistors or whatever measure is most meaningful in the 
technology being implemented. This is called a gated function rather than a table. 

With reference to Figure 7, in addition to creating and storing tokens, the pre- 

15 calculated values should also be loaded into the first memory device. Specifically, for 
each possible sample value, the method and computer program products of the present 
invention, takes a first token and applies the value of the token and a possible value of the 
sample to the function to create a pre-calculated value of the function for the sample 
value. (See step 400 and 410). The pre-calculated value is then stored in memory. (See 

20 step 420). The method next checks to see if all values have been addressed. (See step 
430). If not, the method increments the address in any order, (see step 440). Once all 
values have been addressed, they are loaded into memory. (See step 450). Similarly, 
once a set of values is known for the tokens, it is common to find an arrangement of 
multipliers or other gating that replaces the table with the same response to each address 

25 and a saving in the number of transistors or whatever measure is most meaningful in the 
technology being implemented. This is called a gated function rather than a table. 

Figure 3, described above, illustrates use of memory devices and tokens to 
determine the coefficient of a function. Figure 8, however, illustrates a more general use 
of the memory devices and tokens developed above in Figures 4, and 6-7. Specifically, 

30 to use the memory device and tokens to determine a value, the address representing a 
desired token is applied to the second memory device, (see step 500), and the token is 
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retrieved. (See step 510). The token is then applied to the first memory device, along 
with the value of the sample to create the address for accessing the first memory device. 
(See steps 520 and 530). If the token includes a sign bit or zero bit that are set, the value 
associated with token in the first memory device is altered appropriately. (See step 540). 

5 Finally, the value is output. (See step 550). 

As discussed above, the number of values that must be stored to calculate the 
coefficients of function can be decreased by removing redundant values, storing only the 
magnitude of the values, and using token bits to signify when a value is zero or the sign 
of a value. Figure 9 provides an illustrative embodiment for determining the coefficients 

10 of a function using a first memory device having the minimum number of values stored, a 
second memory device with tokens that include bits for indicating sign and zero, and a 
signed input value. As with the previous embodiment, the coefficient generator 10 of this 
embodiment includes first and second memory devices, 22 and 24. Both of the memory 
devices include arrays of cell for storing values. The second memory device includes 

15 tokens representing the coefficient and sample number, and the first memory device 
includes all of the possible unique values of the sample combined with the orthogonal 
function portion for each sample and coefficient. For example, for the first sample Si and 
second coefficient Ci, the token stored in the second memory device designates the 
sample number and coefficient number, Si and Ci. Stored in the first memory device is a 

20 number of cells each having a value defined by the equation (Sicos (27tC n S n /N) or (S icos 
(27i/N)), with each cell storing the application of a possible value of the sample Si to the 
equation. 

Additionally, the coefficient generator of this embodiment also includes a first 
AND gate 28 in electrical communication with the receiver 12, the output of the second 

25 memory device, and an input of the first memory device. The coefficient generator also 
includes a second AND gate 30 connected to the output of the first AND gate 28 and an 
XOR gate 32. Connected to the output of the second AND gate 30 is an adder 36, 
typically implemented so as to take the twos complement of a signal. The XOR gate 32 
is in electrical communication with the output of the second memory device and a gate 

30 combination 40 to be discussed later. The coefficient generator of this embodiment also 
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includes a null device or pull down 34 in electrical communication with the output of the 
first memory device. 

Importantly, to reduce the number of values that must be stored, the sample 
received by the receiver is in a 12 bit code, where one of the bits is a sign bit. As 

5 discussed, by reducing the bit representation of the sample to 1 1 bits and using one bit for 
the sign, storage space is reduced. To this end, in some embodiments, the coefficient 
generator also includes a code converter 38 in electrical communication with the 
receiver 12. If the sample output by the receiver is not in the proper 12 bit format, the 
code converter will convert the sample into a 12 bit value having 1 1 bits representing the 

10 value and 1 bit for the sign. 

. The coefficient generator of this embodiment also uses a 6 bit token stored in the 
second memory device to address the values stored in the first memory device. 
Importantly, to decrease the number of values that must be stored, one of the bits 
represents the sign of the number and one of the bits represents whether the value is zero. 

15 The tokens operate in conjunction with the second AND gate 30 and adder 36 to take the 
negative of the output of the first memory device, if the sign bit of the token indicates the 
negative of the value. Further, the null or pull down device 34, the zero bit of the token, 
and the AND gate 28 operate to null or zero the output of the first memory device, if the 
token indicates that the value should be zero. 

20 With reference to Figure 10, in operation in this embodiment, for each sample, the 

receiver receives a sample of the signal and inputs the sample to the first memory 
device 22. (See step 600). For each coefficient, inputs, 18 and 20, are provided to the 
second memory device representing the sample number and coefficient number. (See 
step 610). Based on the inputs, the second memory device outputs a token having 4 bits 

25 representing the sample and coefficient number, 1 bit representing whether the value is 
negative, and 1 bit representing whether the value is zero or not. (See step 620). The 
first memory device, in turn, receives the token from the second memory device and the 
value of the sample from the receiver. Based on these values, the first memory device 
generates a term representing the contribution of the sample to the coefficient, (i.e., 

30 Sicos(2tt/8), for the first sample and coefficient). (See step 630). 
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Additionally, the sign bit of the sample and the output of the sign bit of the token 
are supplied to the second AND gate 30. If either the sign of the signal is negative or the 
sign bit of the token is set, the second AND gate outputs a carry bit to the adder 36. The 
adder will make the output of the first memory device negative. (See steps 640 and 650). 

5 Likewise, the token and the signal are both provided to the first AND gate 28. If 

either the signal or the token indicates a zero value, a zero value is output by the first 
AND gate 28. The zero value is sent to the second AND gate 30, which prohibits the 
second AND gate 30 from negating the signal. Further, a zero value is output to the first 
memory device, which disables the first memory device. Due to the disablement of the 

10 first memory device, the null or pull down device 34 outputs a zero value representing the 
value of the coefficient. (See steps 660 and 670). The term of the coefficient is then 
output. (See step 680). 

As illustrated in Figure 9, in one embodiment, the coefficient generator further 
includes a counter 26 in electrical communication with the second memory device. The 

1 5 counter may be incremented by a clock, not shown, that is timed to allow calculations to 
be made. The counter may include two outputs, 18 and 20, which represent the 
coefficient number and sample number for addressing the second memory device. In 
operation, for each sample, the sample number is held constant/ while for each cycle or 
plurality of cycles of the clock, the counter increments the coefficient number. This, in 

20 turn, addresses the second memory device for determining the contribution of the sample 
to each coefficient. After all of the coefficients have been calculated for that sample, the 
sample number of the counter is incremented, and the coefficient number is reset, such 
that the next sample is now evaluated for each coefficient. 

Further, and importantly, Figure 9 also illustrates another aspect of the present 

25 invention. As discussed above, the apparatus, methods, and computer programs products 
of the present invention determine the coefficients of a function representative of an input 
signal based on a predetermined plurality of samples of the input signal. However, the 
apparatus, methods, and computer program products may also determine the coefficients 
representing an inverse function of the signal. For example, many data processing 

30 systems are equipped to perform both a DFT and an inverse DFT of the signal. 

-31- AttyDktNo 042943/276277 



The inverse DFT is essentially performing the DFT in the reverse sense. As the 
first memory device includes all of the possible values of the DFT, the inverse DFT can 
be determined by merely addressing the values in the first memory device that 
correspond to the values of the inverse DFT. With reference to Figure 9, to implement an 

5 inverse DFT, the coefficient generator further includes a third gate 40 having and XOR 
and NOT gate. The third gate has inputs connected to the sign bit of the 12 bit signal and 
an input for indicating when to perform an inverse function 44. The output of the third 
gate is connected to XOR gate 32, along with the output of the second memory device. 
Further, the coefficient generator also includes a selector or crossbar 42 in electrical 

1 0 communication with the inputs, 18 and 20, to the second memory device. The crossbar is 
also connected to the input 44 indicating whether perform an inverse function. 

In operation, the inverse function, (e.g., inverse DFT), operates similar to the 
operation to determine the function (e.g., DFT), as discussed in Figure 10. Except that , 
the selector or crossbar switches the address input lines to the first memory device. 

15 Specifically, if the coefficients for an inverse function of a signal are desired, the selector 
alters the address indicated by the token such that the token addresses a cell of the first 
memory device containing a pre-calculated value representing an inverse mathematical 
function of the signal. Further, the third gate 40 operates in conjunction with the second 
AND gate 30 to negate the signal when either the mathematical function or input signal 

20 are negative. As such, the apparatus, methods, and computer program products of the 
present invention can determine the function or the inverse function using the same 
components and stored values, merely by switching the values that are addressed to 
perform the inverse function. 

As provided above, the apparatus, methods, and computer program products of 

25 the present invention determine the coefficients of a function representative of a signal by 
updating each coefficient as each sample is received. Figures 1, 3, and 9 illustrate the 
updating of the coefficients for one sample. Figure 11, discussed in detail below, 
illustrates the determination of the coefficients based on a plurality of samples, and in 
particular, illustrates the updating of each coefficient for each sample received. 

30 Similar to previous embodiments, the coefficient generator 10 of this embodiment 

includes first and second memory devices, 22 and 24. Both of the memory devices 
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include arrays of cells for storing values. The second memory device includes tokens 
representing the coefficient and sample number, and the first memory device includes all 
of the possible unique values of the sample combined with the orthogonal function 
portion for each sample and coefficient. Although any system or device may be used for 

5 addressing the second memory device, the present embodiment illustrates a counter 26 to 
address the second memory device. 

The coefficient generator of this embodiment further includes an adder 44 in 
electrical communication with the output of the first memory device. Connected to the 
adder 44 is a crossbar 46 and a third memory device 48. The coefficient generator also 

10 includes a null or pull down device 50 in electrical communication with the crossbar, and 
an AND gates, 52 and 54, connected to the output of the counter. 

With reference to Figure 1 1, in operation in this embodiment, for each sample, the 
receiver receives a sample of the signal and inputs the sample to the first memory 
device 22. (See step 700). For each coefficient, inputs, 18 and 20, are provided to the 

1 5 second memory device representing the sample number and coefficient number from the 
counter. (See step 710). Based on the inputs, the second memory device outputs a token. 
(See step 720). The first memory device, in turn, receives the token from the second 
memory device and the value of the sample from the receiver. Based on these values, the 
first memory device generates a term representing the contribution of the sample to the 

20 coefficient. (See step 730). The term is next provided to the adder 44, which also 

receives the previous value of the coefficient from the third memory device 48. The third 
memory device is also connected to the second memory device. The token from the 
second memory device addresses the coefficient stored in the third memory device, 
which, in turn, is output to the adder for adding to the term. The term is added to the 

25 existing coefficient by the adder. (See step 740). 

After, the coefficient is updated, the coefficient generator next determines 
whether the last sample has been processed. (See step 750). Specifically, the AND gate 
52 is connected to the six most significant bits of the counter, which designate the sample 
number. If the sample number is the last sample number of the set, (in this case the 64th 

30 sample), the six most significant bits of the counter will be all ones. When all ones are 
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input in to the AND gate 52, the AND gate outputs a one indicating that the last sample 
has been received. 

If the last sample has not been received, the crossbar 46 directs the updated 
coefficient from the adder 44 to the third memory device 48, where the updated 
5 coefficient is stored. (See step 760). The null or pull down device 50 also outputs a zero 
on the output indicating that the coefficients have not been calculated. 

On the other hand, if the last sample has been received, the crossbar 46 directs the 
updated coefficient from the adder 44 to the output. (See step 770). Further, the null or 
pull down device 50 is directed by the cross bar to zero or null the value stored in the 
10 third memory device as a reset. Further, the AND gate 54 indicates that the coefficient 
value output is a valid value, instead of zero. 

The above steps are repeated for each coefficient until all of the coefficients have 
been updated with the sample. (See step 780 and 790). Further, the process is repeated 
for each sample, until all samples are received and each coefficient is updated. (See step 
15 795). 

Figure 1 1 also illustrates another aspect of the present invention. Specifically, in 
one embodiment, the coefficient generator of the present invention is connected to a 
plurality of signal channels, such that the coefficient generator determines coefficients for 
functions representing signals located on each channel. In this embodiment, the counter 

20 also outputs a count value indicating the channel for which the coefficient generator is 
currently processing a signal. The channel number and coefficient number are output on 
lines, 56 and 58. The coefficient generator operates similar to the previous embodiments. 
Specifically, the coefficient generator is first connected to the first channel, where it 
receives a sample and updates the coefficients associated with the first channel. The 

25 coefficient generator goes to each channel and receives a sample and updates the 

coefficients associated with the signal on that channel. This is repeated until all of the 
samples for all channels have been received and the coefficients for the signal on each 
channel have been updated. In another embodiment, the coefficient generator may 
receive and process all the samples for one channel before switching to the next channel. 

30 As discussed previously, it sometimes advantageous to reduce the amount of data 

that must be stored by eliminating redundant values, storing only the magnitude of the 
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values, and using tokens to designate sign or whether the value is zero. As such, Figure 
13 illustrates the coefficient generator of Figure 1 1 with the addition of gates to reduce 
the amount of values that must be stored. Specifically, similar to the previous 
embodiment, the coefficient generator 10 of this embodiment includes first and second 

5 memory devices, 22 and 24. Both of the memory devices include arrays of cell for 
storing values. The second memory device includes tokens representing the coefficient 
and sample number, and the first memory device includes all of the possible unique 
values of the sample combined with the orthogonal function portion for each sample and 
coefficient. Although any system or device may be use for addressing the second 

10 memory device, the present embodiment illustrates a counter 26 to address the second 
memory device. 

The coefficient generator of this embodiment further includes an adder 44 in 
electrical communication with the output of the first memory device. Connected to the 
adder 44 is a crossbar or selector 46 and a third memory device 48. The coefficient 
1 5 generator also includes a null or pull down device 50 in electrical communication with 
the crossbar, and a NAND gate 52 and AND gate 54, connected to the output of the 
counter. 

Additionally, the coefficient generator of this embodiment also includes a first 
AND gate 28, a second AND gate 30, and an XOR gate 32. Connected to the output of 

20 the second AND gate 30 is an adder 36, typically implemented so as to take the twos 

complement of a signal. The XOR gate 32 is in electrical communication with the output 
of the second memory device and a gate combination 40. The coefficient generator of 
this embodiment also includes a null device or pull down 34 in electrical communication 
with the output of the first memory device. 

25 The coefficient generator also includes a code converter 38 in electrical 

communication with the receiver 12 for converting the input signal, if necessary, to a 12 
bit value having 1 1 bits representing the. value and 1 bit for the sign. The coefficient 
generator of this embodiment also uses a 6 bit token stored in the second memory device 
to address the values stored in the first memory device. As with the previous 

30 embodiment, the tokens operate in conjunction with the second AND gate 30 and adder 
36 to take the negative of the output of the first memory device, if the sign bit of the 
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token indicates the negative of the value. Further, the null or pull down device 34 and the 
zero bit of the token operate to null or zero the output of the first memory device, if the 
token indicates that the value should be zero. 

Still further, the coefficient generator includes a first 60 latch for latching the 

5 input signal and a second latch 62 for latching out the output coefficient values. The 
coefficient generator also includes an input 44 and gate combination 40 for using the 
coefficient generator to determine the coefficients of an inverse function of the signal. 
Further, the coefficient generator includes reset device 64 for resetting the memory and 
outputs 56 and 58 for outputting the coefficient and channel number. 

10 With reference to Figure 14, in operation in this embodiment, for each sample, the 

receiver receives a sample of the signal and inputs the sample to the first memory 
device 22. (See step 800). For each coefficient, inputs, 18 and 20, are provided to the 
second memory device representing the sample number and coefficient number. (See 
step 810). Based on the inputs, the second memory device outputs a token having 4 bits 

1 5 representing the sample and coefficient number, 1 bit representing whether the value is 
negative, and 1 bit representing whether the value is zero or not. (See step 820). The 
first memory device, in turn, receives the token from the second memory device and the 
value of the sample from the receiver. Based on these values, the first memory device 
generates a term representing the contribution of the sample to the coefficient. (See step 

20 830). 

Additionally, the sign bit of the sample and the output of the sign bit of the token 
are supplied to the second AND gate 30. If either the sign of the signal is negative or the 
sign bit of the token is set, the second AND gate outputs a carry bit to the adder 36. The 
adder will make the output of the first memory device negative. (See steps 840 and 850). 

25 Likewise, the token and the signal are both provided to the first AND gate 28. If 

either the signal or the token indicates a zero value, a zero value will be output by the 
first AND gate 28. The zero value is sent to the second AND gate 30, which prohibits the 
second AND gate 30 from negating the signal. Further, a zero value is output to the first 
memory device, which disables the first memory device. Due to the disablement of the 

30 first memory device, the null or pull down device 34 outputs a zero value representing the 
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value of the coefficient. (See steps 860 and 870). The term of the coefficient is then 
output. 

The term is next provided to the adder 44, which also receives the previous value 
of the coefficient from the third memory device 48. The third memory device is also 
5 connected to the second memory device. The token from the second memory device 
addresses the coefficient stored in the third memory device, which, in turn, is output to 
the adder for adding to the term. The term is added to the existing coefficient by the 
adder. (See step 880). 

After, the coefficient is updated, the coefficient generator next determines 

10 whether the last sample has been processed. (See step 900). Specifically, the AND gate 
52 is connected to the six most significant bits of the counter, which designate the sample 
number. If the sample number is the last sample number of the set, (in this case the 64th 
sample), the six most significant bits of the counter will be all ones. When all ones are 
input to the AND gate 52, the AND gate outputs a one indicating that the last sample has 

15 been received. 

If the last sample has not been received, the crossbar or selector 46 directs the 
updated coefficient from the adder 44 to the third memory device 48, where the updated 
coefficient is stored. (See step 900). The null or pull down device 50 also outputs a zero 
oh the output indicating that the coefficients have not been calculated. 

20 On the other hand, if the last sample has been received, the crossbar 46 directs the 

updated coefficient from the adder 44 to the output. (See step 910). Further, the null.or 
pull down device 50 is directed by the cross bar to zero or null the value stored in the 
third memory device as a reset. Further, the AND gate 54 indicates that the coefficient 
value output is a valid value, instead of zero. 

25 The above steps are repeated for each coefficient until all of the coefficients have 

been updated with the sample. (See step 920 and 930). Further, the process is repeated 
for each sample, until all samples are received and each coefficient is updated. (See step 
940). 

Additionally, the first and second latches, 60 and 62, are synchronized with the 
30 counter so as to output the coefficients and receive a new sample based on the clock 
cycle. Further, the reset device 64 resets the memory. 
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As detailed above, the apparatus, methods, and computer program products of the 
present invention process a plurality of samples and generate the coefficients of the 
function based on the samples. In some embodiments of the present invention, after the 
plurality of samples have been received, the apparatus, methods, and computer program 
5 products of the present invention output the generated coefficients, reset the coefficients, 
and again take samples of the signal. In some embodiments, however, it may be 
advantageous to generate and output a complete set of coefficients as each new sample is 
received and processed. This is referred to as a Sliding Aperture Fourier Transform 
(SAFT). 

10 In this embodiment, the apparatus, methods, and computer program products of 

the present invention do not reset each of the coefficients to zero after the final sample of 
a plurality of samples has been received and the coefficients have been output. Instead, 
the apparatus, methods, and computer program products of the present invention replace 
the first sample of the previous plurality of samples with the next received sample. Using 

15 this new sample, the apparatus, methods, and computer program products of the present 
invention output a next set of coefficients. As such, instead of generating a set of 
coefficients for each "batch" of samples, the apparatus, methods, and computer program 
products of the present invention generates a set of coefficients each time a new sample is 
received, thereby providing a new set of coefficients for each time a new sample is 

20 received. 

The present invention provides several apparatus, methods, and computer 
program products for generating a set of coefficients each time a new sample is received. 
In each of these embodiments, the apparatus, methods, and computer program products 
of the present invention replace the contribution of the first sample of the previous 

25 plurality of samples with the contribution of the next sample received and then output the 
new coefficients. For example, in one embodiment, the apparatus, methods, and 
computer program products of the present invention initially store each of the samples as 
they are received and generates a first set of coefficients when the last sample of the 
plurality of samples has been received. Further, when a new sample of the input signal is 

30 received, (after the predetermined plurality of samples has already been received), the 
apparatus, methods, and computer program products of the present invention apply the 
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mathematical function associated with the coefficients to the new sample and generate a 
term based on the new sample for each coefficient. To replace the new sample with the 
first sample of the plurality of the samples, the generated term of the new sample is 
subtracted from the term associated with the first sample of the predetermined plurality of 
5 samples that was previously stored in a memory device. Following this subtraction, the 
coefficients are updated by the difference between the terms based upon the new sample 
and the first sample of the predetermined plurality of samples. 

In another embodiment of the present invention, to replace the new sample with 
the first sample of the plurality of samples, the apparatus, method, and computer program 

1 0 products of the present invention subtract the term based upon a first sample of the 

predetermined plurality of samples from each of the coefficients and adds the term based 
upon the new sample to each of the coefficients. As such, in one embodiment, the terms 
for the new and oldest sample are first subtracted from each other and the remainder is 
added to the coefficients, while in another embodiment, the term associated with the 

1 5 oldest sample is subtracted from each coefficient and the term associated with the new 
sample is added to the coefficients. This second embodiment typically experiences less 
computational drift and is illustrated in Figure 15. 

Specifically, the coefficient generator 10 of Figure 15 includes all of the 
components of the coefficient generator illustrated and described in Figure 13. However, 

20 the coefficient generator of Figure 15 further includes a forth memory device 66 in 
electrical communication with the third memory device 48 for storing the terms 
associated with each sample of a plurality of samples. The coefficient generator further 
includes an adder 68 in electrical communication with the third and forth memory 
devices for subtracting the term associated from the first sample of a previous plurality of 

25 samples from the term associated with newly received sample. 

With reference to Figure 16, in operation in this embodiment, similar to previous 
embodiments, for each sample, the receiver receives a sample of the signal and inputs the 
sample to the first memory device 22. (See step 1000). For each coefficient, inputs, 18 
and 20, are provided to the second memory device representing the sample number and 

30 coefficient number, (see step 1010), and based on the inputs, the second memory device 
outputs a token. (See step 1020). Based on the token and sample, the first memory 
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device generates a term representing the contribution of the sample to the coefficient. 
(See step 1030). 

If either the sign of the signal is negative or the sign bit of the token is set, the 
second AND gate outputs a carry bit to the adder 36. The adder will make the output of 

5 the first memory device negative. (See steps 1040 and 1050). Likewise, if either the 
signal or the token indicates a zero value, a zero value is output by the first AND gate 28. 
The zero value is output to the first memory device, which disables the first memory 
device. Due to the disablement of the first memory device, the null or pull down device 
34 outputs a zero value representing the value of the coefficient. (See steps 1060 and 

10 1070). For the zero case, sign is ignored. The term of the coefficient is then output. 

The term is next provided to the adder 44, which also receives the previous value 
of the coefficient from the third memory device 48°. The third memory device is also 
connected to the second memory device. The token from the second memory device 
addresses the coefficient stored in the third memory device, which, in turn, is output to 

1 5 the adder for adding to the term. The term is added to the existing coefficient by the 
adder. (See step 1080). 

The forth memory device is also connected to the second memory device. The 
token from the second memory device addresses the term stored in the forth memory 
device representing the term associated with the first sample of the plurality of samples, 

20 (i.e., the oldest sample). The term is provided to the adder 68, where the term is 

subtracted from the updated coefficient. (See step 1090). The term associated with the 
new sample is stored in the forth memory device, (see step 1100), the updated coefficient 
is stored in the third memory device, (see step 1110), and also output. (See step 1120). 
The above steps are repeated for each coefficient until all of the coefficients have been 

25 updated with the sample. (See steps 1130 and 1140). 

As illustrated in some of the embodiments above, the apparatus, methods, and 
computer program products of the present invention may be used in parallel for a series 
of channels for which the present invention generates for each channel coefficients of a 
function representing a signal on the channel. As detailed above, the present invention 

30 determines the coefficients of the function representative of signal by combining each 
sample upon receipt with the mathematical function associated with the sample and the 
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coefficient. Further, as detailed above, the different combinations of the samples and 
coefficients may be pre-calculated and stored in an addressable memory device or may be 
computed by a gated function with reference to a value associated with the token. 
Typically, the tokens that address the cells of the memory device are derived from state 

5 information obtained from the counter indicating the coefficient and the sample. While 
in the normal operation, the tokens and memory device are used to determine the 
coefficients of a function that is representative of a signal, these tokens and memory 
devices may also be used repetitively by adding bits to the counter at appropriate 
locations and thus service a multiplicity of channels. In this embodiment, additional 

10 coefficient memory cells maintain the additional coefficients, and a channel number may 
be output as a convenience to the user. It is still possible employ an electrical signal to 
determine the forward coefficients or to determine the inverse function of the input. 

Further, while in the normal operation, the tokens and memory device are used to 
determine the coefficients of a function that is representative of a signal, these tokens and 

15 memory devices may also be used repetitively by adding bits to the counter at appropriate 
locations and thus service a multiplicity of channels. In this embodiment, additional 
coefficient memory cells maintain the additional coefficients, and a channel number may 
be output as a convenience to the user. By letting consecutive samples be treated as 
different channels it is possible to thus produce interleaved transforms. The interleaved 

20 transforms may be sent to a second similar process to produce two-dimensional 
transforms, for example. 

As detailed above, the apparatus, methods, and computer program products of the 
present invention are capable of not only determining the coefficients of a function but 
also the coefficients of an inverse function. This is accomplished in many instances by 

25 switching the addresses of the tokens, such that the tokens address the values representing 
the inverse function. In instances in which the coefficient generator is used with a 
plurality of channels. The coefficient generator may be advantageously controlled such 
that for one channel it provides the coefficients of a function representative of one signal, 
while also providing the coefficients of an inverse function of another signal for a 

30 separate channel. 
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As detailed in the various embodiments illustrated above, the apparatus, methods, 
and computer program products of the present invention update each coefficient as each 
sample is received. Further, in some embodiments, the apparatus, methods, and 
computer program products of the present invention outputs the coefficients each time a 

5 new sample is received. This is advantageous as it allows individual coefficients of 

interest to be observed and tracked. Individual coefficients of interest may be tracked by 
controlling the coefficient generator to output these coefficients. This provides a user 
with a new set of coefficients in real or near real-time for observance. 

An additional advantage, is that the coefficients can also be updated with different 

10 resolutions. Specifically, there may be instances where some of the coefficients are of 
greater interest or there is limited hardware resources such that not all coefficients can be 
properly processed and stored. In these instances, the coefficient generator can be 
controlled to only update certain coefficients or to update some coefficients with each 
sample, while coefficients of less importance are updated with fewer of the samples. 

1 5 In addition to providing apparatus and methods, the present invention also 

provides computer program products for determining the coefficients of a function 
representative of an input signal based on a predetermined plurality of samples of the 
input signal. The computer program products have a computer readable storage medium 
having computer readable program code means embodied in the medium. The computer 

20 readable storage medium may replace the coefficient generator and perform the functions 
of the coefficient generator through software. Further, computer readable storage 
medium may control the coefficient generator by providing the addresses for determining 
the coefficients. 

The computer-readable program code means includes first computer instruction 
25 means for receiving each of the samples one at a time. Further, the computer-readable 
program code means includes second computer instruction means for updating the 
coefficients of the function based on each sample as the sample is received without 
awaiting receipt of all samples to thereby decrease the latency of the time required to 
determine the coefficients of the function. In a further embodiment, each coefficient is 
30 comprised of at least one term that is at least partially based upon a combination of a 
sample and a mathematical function. In this embodiment, the computer-readable 
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program code means further includes third computer instruction means for determining a 
respective term of each coefficient by combining each sample upon receipt with the 
mathematical function associated with the sample and the coefficient. In still another 
embodiment, the each sample only contributes to one term of each coefficient. In this 

5 embodiment, the second computer instruction means updates each of the coefficients 
based on each sample upon receipt without requiring the sample to thereafter be stored. 

The present invention also provides computer program products for reducing the 
number of values that must be stored to represent the possible mathematical terms of a 
function. In this embodiment, the computer program products include a computer 

10 readable storage medium having computer readable program code means embodied in the 
medium. The computer-readable program code means includes first computer instruction 
means for generating a first list of all possible mathematical terms of the function. A 
second computer instruction means systematically compares each mathematical term in 
the list to all other mathematical terms in the list to determine which of the mathematical 

15 terms are redundant. The computer-readable program code also includes third computer 
instruction means for storing in a second list all of the unique mathematical terms of the 
function, such that there are no redundant mathematical terms of the function in the 
second list. 

~ In one embodiment of the present invention, the function is periodic and 
20 symmetrical about zero, such that some of the mathematical terms of the function have 
the same magnitude and different signs. In this embodiment, the second computer 
instruction means compares the magnitude of each mathematical term in the list to the 
magnitude of each of the other mathematical terms in the list to determine which of the 
mathematical terms have the same magnitude. Further, the third computer instruction 
25 means stores in the second list all of the mathematical terms having unique magnitudes. 
The computer-readable program code means of this embodiment further includes fourth 
computer instruction means for creating a token associated with each mathematical term, 
where the token indicates the magnitude stored in the second list associated with the 
mathematical term and the sign associated with the mathematical term. 
30 In another embodiment, at least one of the mathematical terms has a magnitude of 

zero. In this embodiment, the computer-readable program code means further includes 
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fourth computer instruction means for creating a token associated with the mathematical 
term indicating that the mathematical term is zero such that said storing step does not 
store the mathematical term in the second list. 

In some embodiments, the computer-readable program code means further 

5 includes fourth computer instruction means for addressing each of the mathematical 
terms in the second list, such that the mathematical terms may be retrieved. In a further, 
embodiment, the function is representative of a signal and is defined by samples of the 
signal, where a sample of the signal is one of a finite number of possible values. In this 
embodiment, the first computer instruction means generates a first list of all possible 

10 combinations of the possible values of the sample and the mathematical terms of the 

function. Further, the second computer instruction means systematically compares each 
combination in the list to all other combinations in the list to determine which of the 
combinations are redundant, and the third computer instruction means stores in a second 
list all of the unique combinations, such that there are no redundant combinations in the 

15 second list. 

In addition to providing computer program products that generate the coefficients 
of a function and computer program products that reduce the number of stored values, the 
present invention also provides computer program products that generate a circuit design 
or a computer program that determines the coefficients of a function by updating at least 

20 one of the coefficients prior to receipt of the last sample. Specifically, as known in the 
art, there are computer programs that allow for the input of specified parameters and 
output circuit designs or computer software to implement the functions defined by the 
parameters. The present invention provides computer program products that receive 
parameters concerning the functions to be performed by the system and generates either a 

25 circuit design or computer program for implementing the functions. For example, in one 
embodiment, the computer program product receives all the possible mathematical terms 
of a function and generates either a circuit or computer program that uses the possible 
mathematical terms to generate the coefficients of a function with reduced hardware or 
reduced data storage. 

30 In this regard, Figures 1-16 are block diagram, flowchart and control flow 

illustrations of methods, systems and program products according to the invention. It 

-44- AttyDktNo 042943/276277 



will be understood that each block or step of the block diagram, flowchart and control 
flow illustrations, and combinations of blocks in the block diagram, flowchart and control 
flow illustrations, can be implemented by computer program instructions. These 
computer program instructions may be loaded onto a computer or other programmable 
5 apparatus to produce a machine, such that the instructions which execute on the computer 
or other programmable apparatus create means for implementing the functions specified 
in the block diagram, flowchart or control flow block(s) or step(s). These computer 
program instructions may also be stored in a computer-readable memory that can direct a 
computer or other programmable apparatus to function in a particular manner, such that 

10 the instructions stored in the computer-readable memory produce an article of 

manufacture including instruction means which implement the function specified in the 
block diagram, flowchart or control flow block(s) or step(s). The computer program 
instructions may also be loaded onto a computer or other programmable apparatus to 
cause a series of operational steps to be performed on the computer or other 

1 5 programmable apparatus to produce a computer implemented process such that the 
instructions which execute on the computer or other programmable apparatus provide 
steps for implementing the functions specified in the block diagram, flowchart or control 
flow block(s) or step(s). 

Accordingly, blocks or steps of the block diagram, flowchart or control flow 

20 illustrations support combinations of means for performing the specified functions, 
combinations of steps for performing the specified functions and program instruction 
means for performing the specified functions. It will also be understood that each block 
or step of the block diagram, flowchart or control flow illustrations, and combinations of 
blocks or steps in the block diagram, flowchart or control flow illustrations, can be 

25 implemented by special purpose hardware-based computer systems which perform the 
specified functions or steps, or combinations of special purpose hardware and computer 
instructions. 

Many modifications and other embodiments of the invention will come to mind to 
one skilled in the art to which this invention pertains having the benefit of the teachings 
30 presented in the foregoing descriptions and the associated drawings. Therefore, it is to be 
understood that the invention is not to be limited to the specific embodiments disclosed 
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and that modifications and other embodiments are intended to be included within the 
scope of the appended claims. Although specific terms are employed herein, they are 
used in a generic and descriptive sense only and not for purposes of limitation. 
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S4 := 3 On arrival of the fourth sample all coefficients are updated with it. 

A04 := S4 

A14:=S4.cos(l^-ii) A24 := 84-cos (l^j A34 := 84-cos A44 :=S4.cosf ^ ^ 

B14:=S4.sin(^L±l) B2A*S44nlh*±) B34:=S4. S J 2 '* 34 




8 I \ 8 j \ 8 

AO,, :=A0„-|-A04 

14 13 

Al 14 :=Al 13 -hA14 A2 14 :=A2 13 +A24 A3 ]4 := A3 13 + A34 A4 U :=A4, 3 + A44 

Bl„ :=B1,, + B14 B2 14 :=B2 tl -hB24 BJ„ :=B3 n + B34 B4. :=B4., + B44 



S5 :=-4 On arrival of the fifth sample all coefficients are updated with it. 

A05:=S5 

A15:=S5.cos[llii] A25 :=SS«. A35 :=S5xos[i^£) A45 :=S5. C os( 2 '« 4 ^ 



8 / \ 8 / \ 8 

B15:=S5.sinfi!L±£] B2S:=S5W— ) B35:=S5.sinfc^l B45:=S5. S in( 2 -* 



AO,, :=A0„ + AOS 

15 14 

A1 )5 :=A1 14 +A15 A2 ]5 :=A2 ]4 +A25 A3 ]5 := A3 )4 + A35 A4 ]5 :=A4, 4 + A45 

B1 ]5 :=B1 14 + B15 B2 15 :=B2 ]4 + B25 B3, 5 :=B3, 4 + B35 B4 ]5 :=B4, 4 + B45 

S6 := l On arrival of the sixth sample all coefficients are updated with it. 

A06:=S6 

A16:=S6-cosfc±^ A26 :=S6-cosfi^] A36 := S6-cosfi^] A46 :=S6-cosf 2 « ^ 



B16:=S6.sinfi^ B26:=S6sin *L*S B36:=S6sin l**±l) B46:=S6sin 2 * ^ 



A0 ]6 :=A0 15 +A06 

A1 16 :=A1 ]5 +A16 A2 16 :=A2, 5 -|-A26 A3 )6 := A3 ]5 + A36 A4, 6 := A4, 5 + A46 

B1 16 :=B1 15 + B16 B2 16 :=B2 ]5 + B26 B3 )6 :=B3 ]5 + B36 B4, 6 :=B4 )5 + B46 
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Appendix 1 

Example of a program evaluating a Standard Fourier Series. 



SI :=1 S2:=2 S3 :=- 1 S4:=3 S5:=-4 S6:=l S7:=0 S8:=2 
Evaluate the AO value. 

A0 1 :=S1 A0^:=S2 AO. :=S3 AO, :=S4 

A0 5 :=S5 A0 6 :=S6 A0 ? :=S7 A0 g :=S8 

AO := AO j + A0 2 + A0 3 + A0 4 + A0 5 + A0 6 + A0 ? + A0 g AO = 4 

Evaluate A1 

f2it-M\ A1 00 /2-7C -l-2\ A1 , co f2-7i-l-3\ A1 , CA l2-n-\4\ 
Al. := SI -cos AL:=S2-cos Al.:=S3-cos Al.: = S4-cos 

\ 8 / \ 8 7 Y 8 / V 8 

f 2-Ti -1-5 \ A1 c ^ /2ic-l-6\ A1 . e . (2-7C-l-7\ A1 , co [2it-l-8^ 
AK:=S5-cos AK:=S6-cos Al.:=S7-cos Al_:=S8cos 

5 Is/ 6 I 8 y 7 \ 8 / \ 8 

Al :=A1 1 + A1 2 4-A1 3 + Al 4 + Al 5 + Al 6 + Al 7 +Al g Al =3.243 

Evaluate A2 

A2,:=Sl.cosfe?l±^ A2 :=S2.cos(l^) A2 =53-003 flH±!] A2„ :=S4.cos( 2 * 2 ^ 



"l 



8 / 1 8 / J \ 8 / \ 8 



A2,:=S5.cos|l^).A2 6 :=S6.cos(i^j ^^(2^ A2g ;=S8 . C0S |^^ 
A2 := A2j + A2 2 + A2 3 + A2 4 + A2 $ + A2 6 + A2 ? + A2 g A2 = 2 



Evaluate A3 

/2-7t-3-l\ AO 0 „ f2-n-3-2\ AO , e , (2-7i-3-3\ A0 ,_ C/I /2-n-3-4^ 

A3 i :=Sl-cos A3^:=S2-cos A3 '.= S3-cos A3, :=S4-cos 

1 1 8 / 2 l 8 3 I 8 / 4 \ 8 



A3,:=S5-cosfeii) A3.:=S6-cos 

5 I o ° 



2-7i -3-6 \ . » M (2-71 -3-7\ a co (2-7i -3-8 
A3^:=S7*cos A3 0 :=S8-cos 

8 / 7 \ 8 / 8 \ 8 



A3 := A3 j + A3 2 + A3 3 + A3 4 + A3 $ + A3 6 + A3 ? + A3 g A3 = - 5.243 



Evaluate A4 

A4,:=Sl«./*S±i\ A4,:=S2.cos(l!li^ A4 3 :=S3.osfi^ A4 4 :=S4. C os(i^ 

Y 8 y V 8 y V 8 / V 8 

A4, :=S5xos(ll±!) A4 fi :=S6.cosfi!l±^ A4, :=S7. C os 1™±Z] A4 g :=S8-cos (i^ 8 ^ 
\ 8 / \ 8 / ' \ 8 / \ 8 

A4 := A4, + A4 2 +. A4 3 + A4 4 + A4 f + A4 fi +- A4 ? + A4 g A4 = 12 
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Evaluate B1 



Blj :=Slsin 



Bl 5 :=S5 sin 



{ > I 


R1 

B1 2 


.— bzsin 








\ s I 




:=S6«sin| 



8 

2-7i 1-6 



8 



Bl 3 :=S3sin 



Bl 7 :=S7sin . 




Bl 4 :=S4.sinpLli 



„ 0 . / 2-Ti -1-8 
Bl 8 :=S8sin| ] 



8 



Bl-Bl^B^-hB^-t-B^-hBl^Bl^Bl^Blg 
Evaluate B2 

/2-«-2-l\ B2 ^ :=S2 . sin 



Bl = 3.828 



B2 t :=Sl sin 



8 



2-Tt -2-2 



B2 5 :=S5sin f 



B2„ :=S6sin 



8 

2-n -2-6 



8 / a \ 8 

B2 := B2, + -i- -i- B2 4 + B2 5 + B2 6 + B2, + B2g 

Evaluate B3 

. /2it-3-l\ „, . /2-H-3-2 



B2, :=S3 sin 
BZj :=S7-sin 



|2'7t -2-3) 


B2 4 


:=S4-sin| 










B2 8 


:=S8-sin| 


|2-Jt -2-7^ 



2-7t 24\ 




8 

2-n -3-5 



B3, :=Sl sin r" " * | B3 2 :=S2sin[ " "J - ) B3 3 :=S3-sin| ] B3„ :=S4sin 



\ 8 
2-n 3-6 



B2 = - 2 



. /2-n -3-3\ _ . /2-n -3-4 

4 



8 



B3.:=S5-sinr" " \ B3. := S6 sin| ~ " " " ) B3„ :=S7-sinf 2 ' % ' 3 " 7 1 B3„ :=S8 sin 



' 2-n -3 8 

8 / ° \ 8 / ' \ 8 \ 8 

B3 := B3 ( + B3 2 +- B3 3 + B3 4 + B3 S + B3 g + B3 ? -h B3 8 B3 = 1 .828 

Evaluate B4, All terms are zero for any even number of samples. 

B4, :=Sl.sin(ii±i| B4 2 :=S2-sin^| B 4, :=S3-sin(il±^ B4, := S4. S in f ^ 44 



1 






8 



B4 = -7.34*10 



rl5 



B4 g :=S5-sinr'yj B4 6 := S6-sin ^ - ' w i B4„ = S: ^i'— — B4 -S8-sin( 2,TI U 
B4 : = B4 t + B4 2 + B4 3 + B4 4 + B4 5 + B4 fi + B4 ? + B4 g 

Adjusting the classical coefficients to the forms used: 

DC value = AO/N ADC :=— 

8 



A4 

Truncation Value: Divide A4 by 2. A4T := — 

2 

Which gives the Fourier Transform: 

ADC = 0.5 Al = 3.243 A2 = 2 A3 = - 5.243 A4T = 6 

Bl = 3.828 B2 = -2 B3= 1.828 



FT:= 



Al A2 A3 A4T 
Bl B2 B3 ADC 



FT: 



3.243 2 -5.243 6 
3.828 -2 1.828 0.5 
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Appendix 2 



Example of a program evaluating a Fast Fourier Series according to one 
embodiment of the present invention. 

All computations are done on a sample-by-sample basis with one register dedicated 
to each coefficient and being updated with each successive sample. . 

Si := i On arrival of the first sample all coefficients are processed with respect to it. 

A01:=S1 

All:=Sl.cosfe±i] A21:=Sl-cosfci±l) A31 ^Sl-cJ— ] A41 :=Sl.cos( 2 " 



Bll:=Sl,i„fi?Lii B2l:=Sl.sinp±i B31 :=Sl-sinfcll) B41 :=Sl.sin( 2 * ^ 



S2 :=2 On arrival of the second sample all coefficients are updated with it. 

A02:=S2 

A12 -S2.J^H) A22 :=S2.cos^l A32 :=S2.cos {****] A42 :=S2.cos f 2 * ^ 



B12:=S2,i„fcLli B22:=S2.sin B32:=S2. S in B42 := S2,in ** 4 *1 



A0 12 :=A01 + A02 

A1 12 :=A11 + A12 A2 12 :=A21 + A22 A3, 2 := A31 -t- A32 A4, 2 :=A41 + A42 

Bl 12 :=Bll-»-B12 B2 ]2 :=B21-|-B22 B3, 2 :=B31+ B32 B4 ]2 :=B41-|-B42 

S3 :=- 1 On arrival of the third sample all coefficients are updated with it. 

A03:=S3 

A,3:=S3.cos(il^ A23:=S3«.^j A33 :=S3-cos^j A43 :=S3.cos f *" ^ 

B13:-S3*^Lli| B23:=S3,i„^ij B33:=S3^^ B43 :=S3-sinf 2 * ^ 
A0 ]3 :=A0 J2 + A03 

Al, 3 :=A1 ]2 +A13 A2 )3 :=A2 ]2 +A23 A3 ]3 :=A3, 2 + A33 A4 ]3 := A4 12 + A43 

B1, 3 :=B1 12 + B13 B2 )3 :=B2 12 + B23 B3 J3 :=B3 ]2 + B33 B4, 3 :=B4, 2 + B43 
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S7 := 0 On arrival of the seventh sample all coefficients are updated with it. 



A07:=S7 



A17 : = S7 cos 



2-7t -1-7 
8 



A27 :=S7 cos 



2-Jt -2-7 



\ 8 

B17:=S7-sin[il±Z] B27:=S7. S J 2 '* " 2 ' 7 



A37:=S7cos 
B37:=S7sin 



2 n -3-7 
8 

2n 37 



A47:=S7-cosf^ 7 



B47:=S7sin 



2 n -4 -7 
8 



A0 17 :=AO ]6 -|-A07 



A1 17 :=A1 16 +A17 A2 ]7 :=A2 16+ A27 



A3 17 :=A3 16 +A37 



A4 17 :=A4 ]6 +A47 



Bl, 7 :=Bl 16 -t-B17 B2 17 :=B2 16 +B27 B3, 7 :=B3 1( . + B37 



B4 ]7 :=B4 16+ B47 



S8 := 2 On arrival of the eighth sample all coefficients become complete in a single update. 
The subscript "F" is used rather than 18 to designate final coefficients. 

A08:=S8 



B18;=S8 sin 



8 

2 ti -1-8 
8 



. , 0 00 /2<7C'l-8\ AOO oc / 2-7i -2-8\ A __ ro /2-7i -3-8 
A18 :=S8-cos A28 :=S8 cos A38 :=S8 cos 



B28:=S8 sin 



8 

2>7i -2-8 
8 



B38:=S8sin /2lT 3 8 



A48 .-S8-cos 



2-7C -4-8 



B48:=S8 sin' 2 " 7C 4 8 



F := 18 



A0 p :=A0 1? -hA08 



Al. :=Al t7 -h A18 A2_ :=A2 17 -t- A28 

F 17 F 17 



A3 C :=A3,, + A38 

F 17 



A4 F :=A4 1? -hA48 



B1 F :=B1 1? + B18 B2 F :=B2 17 + 



B28 



B3 p :=B3 17 -hB38 



B4 F :=B4 1? + B48 



Adjusting the classical coefficients to the forms used: 

A(L 



DC value = AO/N 



ADC 



8 



Truncation Value: Divide A4 by 2. A4T 



\A4 r 



B4F = 0 (Identity for any even number of samples.) 



The resulting Fast Fourier Transform is thus evaluated: 



A1 F = 3.243 



A2 p = 2 



ADC = 0.5 

Bl p = 3.828 B2p = -2 

An array is designated for the transform values: 



A3 =- 5.243 

F 



B3 = 1.828 

F 



A4T= 6 



FT:= 



Al c A2 r A3 A4T 

F F F 



B1 F B2p B3 p ADC 
The values are displayed: 



FT ■ 



3.243 2 -5.243 6 
3.828 -2 1.828 0.5 
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The complete set of incremental values are listed below: 

A01 = 1 All = 0.707 A21 = 0 A31 = -0.707 

Bl 1= 0.707 B21 = 1 B31 = 0.707 

A02 = 2 A12 A22 = -2 A32 = 0 

B12=2 B22=0 B32=-2 

A03 = -l A13= 0.707 A23 = 0 A33 = -0.707 

B13 = - 0.707 B23 =1 B33 = - 0.707 

A04 = 3 A14 = -3 A24=3 A34 = -3 

B14=0 B24=0 B34= l.M(f IS 

AOS = - 4 A15= 2.828 A25 = - 1.225 10 M5 A35 = -2.828 

B15 = 2.828 B25 = - 4 B35 = 2.828 

A06=l A16=0 A26 = -l A36= 0 

B16=-l B26=0 B36= 1 

A07=0 A17=0 A27=0 A37 = 0 

B17=0 B27=0 B37=0 

A08 = 2 A18=2 A28=2 A38 = 2 

B18=0 B28=0 B38=- 1.4710" 1 
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